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Voltage clampingCertain voltage-activated Ca2+ channels have been reported to act as potential zinc entry routes. However, it re-
mains to be determined whether zinc can permeate individual Ca2+ channel isoforms. We expressed recombi-
nant Ca2+ channel isoforms in Xenopus oocytes and attempted to record zinc currents from them using a two-
electrode voltage clamp method. We found that, in an extracellular zinc solution, inward currents arising from
zinc permeation could be recorded from Xenopus oocytes expressing L-type Cav1.2 or Cav1.3 isoforms, but not
from oocytes expressing Cav2.2, Cav2.3, Cav3.1, or Cav3.2. Zinc currents through Cav1.2 and Cav1.3 were blocked
bynimodipine, but enhanced by (±)BayK8644, supporting theﬁnding that zinc can permeate both L-type Cav1.2
and Cav1.3 channel isoforms. We also examined the blocking effects of low concentrations of zinc on Ca2+ cur-
rents through the L-type channel isoforms. Low micro-molar zinc potently blocked Ca2+ currents through
Cav1.2 and Cav1.3 with different sensitivities (IC50 for Cav1.2 and Cav1.3 = 18.4 and 34.1 μM) and de-
accelerated the activation and inactivation kinetics in a concentration-dependent manner. Notably, mild acidiﬁ-
cations of the external zinc solution increased zinc currents through Cav1.2 and Cav1.3, with the increment level
for Cav1.3 being greater than that for Cav1.2. In overall, we provide evidence that Cav1.2 and Cav1.3 isoforms are
capable of potentially functioning as zinc permeation routes, through which zinc entry can be differentially aug-
mented by mild acidiﬁcations.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Voltage-activated Ca2+ channels (VACCs) act as external Ca2+ per-
meation routes in many excitable cells. Calcium entry through VACCs
mediates numerous physiological functions such as excitation, muscle
contraction, secretion of hormones and neurotransmitters, activation
of enzymes, and regulation of gene expression [1,2]. VACCs are basically
classiﬁed into high voltage-activated (HVA) and low voltage-activated
(LVA) Ca2+ channels based on activation thresholds. Molecular cloning
and expression studies have identiﬁed 10 genes for VACC alpha1 (α1)
subunits that create pore-forming structures mainly determining pri-
mary biophysical and pharmacological properties of VACCs. Based on
their electrophysiological andpharmacological properties and sequence
similarity, Cav1 isoforms (Cav1.1–1.4) are assigned to encode L-type
Ca2+ channels; Cav2 isoforms (Cav2.1–2.3) are to encode N-, P/Q-, and
R-type Ca2+ channels, respectively; and Cav3 isoforms (Cav3.1–3.3)
are to encode LVA T-type Ca2+ channels [1,2].ce, R1116, Sogang University,
maceuticals, Daejeon 305-712,Zinc, a native trace transition metal, is essential to the activity of nu-
merous proteins. Due to its role as a cofactor or a structural element, the
binding of zinc to various proteins is required for their function, affect-
ing many different physiological processes [3]. Zinc concentration in
the cytoplasm is usually maintained at a low level by tight regulation
of diverse zinc transporting proteins (e.g. ZnT and ZIP), Na+/Zn2+
pumps, and zinc-buffering proteins such as metallothioneins [4]. Cer-
tain isoforms of VACCs, transient receptor potential (TRP) channels,
Ca2+ conducting glutamate receptors, and acetylcholine receptors
have been reported to participate in zinc entry differently depending
on cell types [5–8].
Zinc is also stored in presynaptic vesicles in certain brain tissues [9]
and co-released with glutamate for synaptic transmission, elevating its
local concentration up to high micromolar concentrations (e.g., 220–
300 μM) at synaptic clefts of the hippocampus and cerebral cortex [7,
10]. However, it is largely debated that the zinc concentrations can be
elevated to the high levels during the synaptic transmission, because
the estimated peak concentrations of zinc at the hyppocampal synapses
by numerous groups are greatly different by multiple orders, ranging
from 10 nM to hundreds μM [11]. Moreover, Kay and his colleagues
have reported much lower zinc elevation or even no zinc release for
synaptic transmission, addressing that zinc is likely to be externalized
as coordinated tomacromolecules on the presynapticmembrane rather
than released [11–13].
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could broadly interact with diverse proteins including ion channels,
metalloproteins, red-ox proteins, protein kinases, and transcription fac-
tors, thereby affecting neuronal excitability, synaptic plasticity, and car-
diac functions [3,6,14]. Contrary to the essential physiological roles of
zinc ions in proper concentrations, zinc entry was shown to profoundly
modulate VACC currents in ventricular myocytes and strongly hamper
the β-adrenergic stimulation pathway via inhibiting adenylyl cyclase
and alter hormone release in endocrine tissues and hormonal regulation
of the heart [6,15]. Furthermore, zinc overloading in the cytoplasm has
been diversely implicated in pathological conditions such as stroke, sei-
zures, trauma in the brain, and diabetes [3,16].
Direct recording of zinc currents has demonstrated that zinc can per-
meate dihydropyridine-sensitive L-type channels in PC12 cells, cortical
neurons, and ventricular myocytes [5,6,17,18]. Kerchner and colleagues
reported that inward zinc currents recorded from isolated cortical neu-
ronswere potently diminished by dihydropyridines (L-type Ca2+ chan-
nel blockers) and partly diminished byω-ConotoxinGVIA (N-type Ca2+
channel blockers). The pharmacological properties of zinc currents sug-
gested that zinc could enter the cytoplasm through L-type and N-type
Ca2+ channels [5]. However, the pharmacological dissection of zinc cur-
rents through multiple VACC subtypes in cortical neurons is somewhat
limited in determining whether individual VACC subtypes can act as
zinc entry routes. To resolve the limitations, we performed serial exper-
iments to determine whether zinc permeates multiple recombinant
VACC isoforms individually expressed in Xenopus oocytes. Our results
indicate that zinc can permeate both L-type Cav1.2 and Cav1.3 isoforms,
but cannot permeate Cav2.2, Cav2.3, Cav3.1, and Cav3.2 isoforms.
2. Materials and methods
2.1. Chemicals and preparation of solutions
Most of the chemicals used for this study were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The composition of external 2 mM
Ca2+ and Zn2+ solutions is listed in Table 1. For zinc-blocking experi-
ments, serial concentrations of zinc solutions were prepared by diluting
100 mM ZnCl2 stock solution with 2 mM Ca2+ recording solution prior
to experiments.
2.2. Expression of VACC isoforms in Xenopus oocytes
The GenBank accession numbers for rabbit Cav1.2, hamster Cav1.3,
rat Cav2.2, human Cav2.3, rat Cav3.1, human Cav3.2, rat α2δ1, and rat
β3 are X15539, AJ311617, M92905, L27745, AF027984, AF051946,
M86621, and M88751, respectively. Prior to in vitro cRNA synthesis
using T7 RNA polymerase (Ambion, Austin, TX, USA), Cav1.2 and
Cav2.3 cDNAs were linearized at their 3′ ends by HindIII. Cav1.3,
Cav3.1, and Cav3.2 cDNAs were linearized by AﬂII, while Cav2.2, β3 and
α2δ1 cDNAswere linearized by XbaI, SacII, andNotI, respectively. For ex-
pression of HVA Ca2+ channel α1 subunits (Cav1.2, Cav1.3, Cav2.2,
Cav2.3), auxiliary subunits (rat α2δ1 and rat β3) were coexpressed in
Xenopus oocytes.Table 1
Composition of external recording solutions (in mM).
Solutes 2 mM CaCl2 2 mM ZnCl2
At constant pH At varying pH
NMDG 96 96 96
CaCl2 2 – –
ZnCl2 – 2 2
KCl 1 1 1
HEPES 5 5 –
HEPES or MES – – 5
HCl or TEAOH To pH 7.4 To pH 7.4 To indicated pHFemale frogs (Xenopus laevis) were purchased from Xenopus Express
(France) and Hallym University (Gangwon-do, Chuncheon, Korea). In
total, 16 female frogs were used as oocyte donors in this zinc perme-
ation study. Data were collected from 2 to 4 batches of oocytes. Ovary
lobeswere then surgically isolated fromanesthetized frogs andmanual-
ly torn into clusters of ~5 oocytes in a standard oocyte solution (in mM:
100 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES, 2.5 pyruvic acid, and 50 μg/
ml gentamicin; pH 7.6). Follicle membranes were removed by shaking
of oocyte clusters treated with collagenase (10 mg/ml, Gibco-BRL, Gai-
thersburg, MD, USA) in a Ca2+-free OR2 solution (in mM: 82.5 NaCl,
2.5 KCl, 1 MgCl2, 5 HEPES; pH 7.6) for 40–50 min. Each oocyte was
then injected with 2–10 ng of α1 subunit cRNA, 1–3 ng of α2δ1
cRNA, and 1–2 ng of β3 cRNA (molar ratio 1:1:1) in a volume of
50 nl using a Drummond Nanoject pipette injector (Parkway, PA,
USA) attached to a Narishige micromanipulator (Tokyo, Japan)
under a stereo microscope. However, Cav3.1 and Cav3.2 cRNAs were
injected into defolliculated oocytes at concentrations of 10–20 ng/
50 nl and 1–2 ng/50 nl, respectively, without auxiliary subunit cRNAs.
2.3. Electrophysiological recordings in oocytes and data analysis
Currents from oocytes were recorded between 3 and 6 days after
cRNA injection, at room temperature using a two-electrode voltage-
clamp ampliﬁer (OC-725C, Warner Instruments; Hamden, CT, USA).
Microelectrodes were pulled from capillaries (Warner Instruments,
Hamden, CT, USA) using a pipette puller, and ﬁlled with 3 M KCl; elec-
trode resistance was ~1.0 MΩ. Prior to recording, oocytes were injected
with ~50 nl of 50 mM BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N
′,N′-tetraacetic acid) to minimize calcium- (or zinc) activated chloride
currents. The Ca2+ (or Zn2+) recording solution contained the follow-
ing (in mM): 2 CaCl2 (or ZnCl2), 96 NMDG, 1 KCl, 5 HEPES (adjusted
to pH 7.4 with HCl; Table 1). MES instead of HEPES was used to make
zinc solutions with pH ranging from 6.7 to 5.5. The currents were usual-
ly sampled at 5 kHz, and low-pass ﬁltered at 1 kHz using the pClamp
system (Digidata 1320A and pClamp 8; Molecular Devices, Foster City,
CA, USA). Peak currents were analyzed using Clampﬁt software
(Molecular Devices). Graphical representation of the data was obtained
with Prism software (GraphPad, San Diego, CA, USA). Data are given as
mean± S. E. M. Differences were tested for signiﬁcance using Student's
unpaired t-tests with P b 0.05 (*), P b 0.01 (**), and P b 0.001 (***), as
levels of signiﬁcance.
3. Results
3.1. Zinc permeation through Cav1.2 and Cav1.3 L-type channel isoforms
To examine whether zinc is capable of permeating them, recombi-
nant VACC α1 isoforms (Cav1.2, Cav1.3, Cav2.2, Cav2.3, Cav3.1, and
Cav3.2) were individually expressed in Xenopus oocytes (refer to
Materials and methods section). Functional expression of all the Ca2+
channel isoformswas detected as robust inward currents in a recording
solution containing 2 mM Ca2+ in response to different depolarizing
step pulses (0 mV for Cav1.3 and Cav2.3; +10 mV for Cav1.2 and
Cav2.2;−20 mV for Cav3.1 and Cav3.2) (Fig. 1).
A recent report characterized zinc permeation through L-type Ca2+
channels in cardiac myocytes [6]. To conﬁrm the ﬁndings, we ﬁrst ex-
amined whether zinc can permeate Cav1.2 L-type channels, which are
known to be the main Ca2+ channels in cardiac myocytes. In an extra-
cellular solution containing 2 mM Ca2+, application of step pulses to
+10mV produced robust inward Ca2+ currents from oocytes express-
ing Cav1.2 with auxiliary subunits (β3 + α2δ1), which were strongly
decayed during the pulse duration, showing a typical property of
Cav1.2 called “calcium-dependent inactivation” (the black trace in
Fig. 1A) [19]. When external 2 mM Ca2+ solution was replaced with
2 mM zinc solution (Table 1), Cav1.2 currents were strongly diminished
in amplitude, but small inward currents remained (the gray trace in
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Fig. 1. Recordings of Zn2+ permeation through VACC isoforms. Different test potentials
(0 mV for Cav1.3 and Cav2.3; +10 mV for Cav1.2 and Cav2.2; −20 mV for Cav3.1 and
Cav3.2) from a holding potential of −80 or −90 mV were applied to evoke currents
though VACC isoforms expressed in Xenopus oocytes. A–F, representative current traces
of Cav1.2 (A), Cav1.3 (B), Cav2.2 (C), Cav2.3 (D), Cav3.1 (E), and Cav3.2 (F) recorded in a
2 mMCa2+ solution and then a 2mMZn2+ solution replacedwere overlapped. Ca2+ cur-
rent traces are marked in black, and Zn2+ current traces are in gray. G, permeation per-
centages of Zn2+ currents over Ca2+ currents through Cav1.2 and Cav1.3 channels. Zinc
permeation percentages for Cav1.2 and Cav1.3 were calculated using an equation
(100 ∗ IZn / ICa; IZn, peak amplitude of zinc current; ICa, peak amplitude of calcium current)
and then represented as bar graphs (mean ± SEM, n = 8, 6). Statistical signiﬁcance was
P b 0.05 (*, Student's unpaired t-test).
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from zinc conduction through Cav1.2 channels, because zinc ions are
unique charge carriers in the external solution (Table 1). The average
peak amplitude of Cav1.2 currents in a 2 mM zinc solution corresponds
to 8.16 ± 0.46% of that of Cav1.2 currents in a 2 mM Ca2+ solution
(Fig. 1G; n = 8).Wenext assessedwhether zinc can conduct through Cav1.3, another
L-type channel isoform. In a 2 mM Ca2+ solution, application of step
pulses to 0 mV from a holding potential of−80 mV elicited robust in-
ward currents from the oocytes, where hamster Cav1.3 subunits were
coexpressed with auxiliary subunits (β3 + α2δ1). As previously report-
ed [20], Cav1.3 Ca2+ currentswere featuredwith rapidly inactivating ki-
netics during the step pulse, which is known to be caused by calcium-
dependent inactivation (the black trace in Fig. 1B). When a 2 mM
Ca2+ solution was replaced with a 2 mM zinc solution, the peak ampli-
tude of Cav1.3 currents was strongly reduced, but residual inward cur-
rents were clearly detected (the gray trace in Fig. 1B). The zinc
currents correspond to 10.49 ± 0.67% of the Cav1.3 Ca2+ currents at
peak amplitude (Fig. 1G; n = 6). The remaining currents are likely to
arise from zinc permeation through Cav1.3 channels, because zinc ions
are unique charge carriers in the switched solution. The average zinc-
permeability percentages (100 ∗ IZn / ICa for Cav1.2 and Cav1.3 =
8.16 ± 0.46% and 10.49 ± 0.67%) of the two L-type channel isoforms
were compared for signiﬁcance (P b 0.05, Student's unpaired t-test,
n = 8, 6). It was found that the zinc permeability percentage for
Cav1.3 is greater than that for Cav1.2 (Fig. 1G).
The following experiments were performed to examine whether
zinc can permeate other VACC isoforms, including non-L-type (Cav2.2
and Cav2.3) and T-type Ca2+ (Cav3.1 and Cav3.2) channel isoforms
(Fig. 1C–F, n = 6–8). Strong inward currents from oocytes expressing
individual Cav2.2, Cav2.3, Cav3.1, or Cav3.2 isoforms were recorded in a
2 mM Ca2+ external solution (black traces in Fig. 1C–F). When a
2 mM Ca2+ external solution was replaced with a 2 mM zinc solution
(Table 1), inward currents were totally abolished from oocytes express-
ing the non-L-type or the T-type channel isoform (the gray traces in
Fig. 1C–F). These ﬁndings suggest that zinc cannot permeate Cav2.2,
Cav2.3, Cav3.1, or Cav3.2.
L-type Ca2+ channel currents have been reported to be sensitively
blocked by 1,4-dihydropyridine (DHP) antagonists (e.g., nimodipine),
but enhanced by (±)Bay K8644, a DHP analog [21]. We examined
whether the inward currents recorded from oocytes expressing Cav1.2
or Cav1.3 channels in a 2 mM Zn2+ solution could be blocked or en-
hanced by the DHP chemicals. Application of 10 μMnimodipine potent-
ly blocked the zinc currents through Cav1.2 and Cav1.3 channels by
77.3 ± 8.1% and 81.5 ± 5.2%, respectively (Fig. 2A, C, D, F; n = 5–7).
In contrast, application of 5 μM (±)Bay K8644 increased the zinc cur-
rents through Cav1.2 and Cav1.3 channels by 78.8 ± 13.1% and 89.8 ±
9.8%, respectively (Fig. 2B, C, E, F; n = 5–7), and it slowed down their
deactivations as shown in their elongated tail currents. These pharma-
cological results strongly support the ﬁndings that zinc can permeate
L-type Cav1.2 and Cav1.3 channels.
3.2. Positive shifts of voltage-dependent channel activation by zinc
The current–voltage (I–V) relationships of Cav1.2 and Cav1.3 L-type
channels were characterized in 2 mM Ca2+ and 2 mM Zn2+ solutions.
Because Zn2+ currents weremuch smaller in amplitude than Ca2+ cur-
rents (Fig. 3A, B), we overexpressed Cav1.2 or Cav1.3 channels in oocytes
by injection of greater amounts of Cav1.2 or Cav1.3 cRNA with auxiliary
subunit cRNAs and could record proper amplitude of zinc currents in a
2 mM zinc solution. Zinc currents through Cav1.2 or Cav1.3 channels
were elicited by an I–V protocol composed of serial step pulses with
10 mV increments (Fig. 3A, E). The I–V relationships for Cav1.2 currents
measured in 2mMCa2+ and Zn2+ solutionswere normalized and plot-
ted, displaying that the I–V for Cav1.2 in a 2 mM Zn2+ solution was
shifted to the right direction, compared to the I–V in a 2 mM Ca2+ solu-
tion, with no signiﬁcant alteration of reversal potential (Fig. 3B). Activa-
tion curves obtained from ﬁtting chord conductance data with a
Boltzmann equation estimated that the V50,act (potential for half-
maximal activation) and Sact (slope factor) values of Cav1.2 channel in
a 2 mM Ca2+ solution are−6.9 ± 0.4 mV and 8.5 ± 0.3, respectively
(Fig. 3C). In comparison, the ﬁtting of chord conductance data obtained
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Fig. 2. Pharmacological properties of Zn2+ currents through Cav1.2 and Cav1.3 isoforms. In
a 2mMZn2+ solution, Zn2+ currents through Cav1.2 or Cav1.3were elicited by step pulses
to+10 or 0mV from a holding potential of−80mV every 15 s, respectively. A and B, rep-
resentative Cav1.2 Zn2+ currents were superposed before and after treatment with 10 μM
nimodipine (A) or 5 μM (±)Bay K8644 (B). Scale bars of X and Y axes indicate 50 ms and
150 nA. C, percentages of Cav1.2 zinc currentsmodulated by nimodipine or (±)Bay K8644
are represented with bar graphs. D and E, Cav1.3 Zn2+ currents were overlapped before
and after treatment with 10 μM nimodipine (D) or 5 μM (±)Bay K8644 (E). C and F, per-
centages of L-type channel currents modulated by nimodipine or (±)Bay K8644 are rep-
resented with bar graphs. Percentages of Cav1.2 (C) and Cav1.3 (F) zinc currents
modulated by nimodipine or (±)Bay K8644 are represented with bar graphs. When the
differences modulated by nimodipine or (±)Bay K8644 were evaluated using Student's
t-tests, statistical signiﬁcance was P b 0.01 (**) or P b 0.001 (***).
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0.2 mV and the slope factor is 7.1 ± 0.2. Analysis of the data obtained
in the two solutions suggests that replacement of external 2 mM Ca2+
solution with a 2 mM Zn2+ solution positively shifted the voltage-
dependent activation of the Cav1.2 channel by 5mV and signiﬁcantly de-
creased the slope factor (P b 0.05, Student's unpaired t-test, n = 5–18).
These results are consistent with the recently reported ﬁndings regard-
ing zinc currents through cardiac L-type Ca2+ channels [6].
Similar to the Cav1.2 isoform, the normalized I–V relationships for
the Cav1.3 isoform in two external solutions showed that the I–V for
Cav1.3 in a 2 mM Zn2+ solution was positively shifted, compared to
that in a 2mMCa2+ solution, without any signiﬁcant change of reversal
potential (Fig. 3F). It is consistent that the activation curve for Cav1.3 in a
2mMZn2+ solution was positively shifted, compared to that in a 2mM
Ca2+ solution (Fig. 3G). Analyzed parameters for the activation curves
are as follows: The V50,act and Sact of Cav1.3 channel in a 2 mM Ca2+solution are−21.4±0.57mVand9.5±0.6, respectively. Comparative-
ly, in a 2 mM zinc solution, the V50,act and Sact values for Cav1.3 channel
are−16.1 ± 1.1 mV and 7.0 ± 0.4, respectively. These data illustrate
that the replacing of a 2 mM Ca2+ solution with a 2 mM Zn2+ solution
positively shifted the activation curve by ~5 mV and signiﬁcantly de-
creased the slope factor (P b 0.05, Student's unpaired t-test, n = 5–6).
3.3. Zinc slowing effects on inactivation kinetics of Cav1.2 and Cav1.3
currents
In addition to the positive shifting effects of zinc on voltage-
dependent channel activation, the inactivation kinetics of Cav1.2 and
Cav1.3 currents appeared to be strongly slowed in a zinc solution. This
effect was visualized by plotting the fractions (r150) of peak current
amplitude remaining after 150ms depolarization against test potentials
(Fig. 3D, H). In a 2 mM Ca2+ solution, the r150 values of Cav1.2
and Cav1.3 currents plotted against applied potentials displayed a
U-shaped pattern, representing typical calcium-dependent inactiva-
tion, which was not shown in the 2 mM zinc solution. In comparison,
the r150 values of the zinc currents through Cav1.2 and Cav1.3 evoked
by the step pulses comprising the I–V protocols tended to be slightly de-
creased as higher test potentials were applied (Fig. 3D, H; n = 14, 8).
This tendency was more profound with Cav1.3 zinc currents than with
Cav1.2 zinc currents. Overall, these results suggest that the calcium-
dependent inactivation property of Cav1.2 and Cav1.3 currents shown
in the 2 mM Ca2+ solution was abolished in the 2 mM Zn2+ solution.
3.4. Differential sensitivity of zinc block to Cav1.2 and Cav1.3 Ca
2+ currents
We further examined the sensitivity of zinc blocking effects on
Cav1.2 and Cav1.3 Ca2+ currents. Application of 2 mM Ca2+ solutions
containing low micromolar concentrations of zinc primarily reduced
the peak magnitude of Cav1.2 and Cav1.3 currents in a concentration-
dependentmanner (Fig. 4A, B). Fitting thenormalized blocking percent-
ages against zinc concentrations showed that the IC50 values for Cav1.2
and Cav1.3 currentswere 18.4± 2.4 μMand 34.1± 6.5 μM, respectively
(Fig. 4C, D). These data indicate that zinc blocks Cav1.2 currents approx-
imately twice as sensitively as it does Cav1.3 currents (P b 0.05, Student's
t-test, n = 6). Interestingly, 2000 μM zinc, the highest concentration
tested, blocked Cav1.2 and Cav1.3 Ca2+ currents by roughly 94% and
92.4%, respectively, but it did not block them completely. We suggest
that the incomplete blocking effects are due to zinc permeation through
the L-type channels.We could not test the effects of zinc concentrations
higher than 2000 μM, because the maximal concentration of zinc that
can be dissolved in the recording solution was ~2000 μM, over which
precipitation begins to be detected in the recording solution.
The potent block of Cav1.2 and Cav1.3 Ca2+ currents by low micro-
molar concentrations of zinc, which is known to be residually present
in most of recording solutions, raised a question that Cav1.2 and
Cav1.3 channel activity is affected by residual zinc in the recording solu-
tion(s).When Cav1.2 andCav1.3 currentswere recorded in a 2mMCa2+
solution, whichwas then replaced with a modiﬁed 2mM Ca2+ solution
including 100 μM DTPA (diethylenetriamine pentaacetic acid, zinc che-
lating agent), Cav1.2 and Cav1.3 currents were increased by 5.6 ± 0.8%
and 4.5 ± 0.7%, respectively (Supplementary Fig. 1). The increment ef-
fects on Cav1.2 and Cav1.3 Ca2+ currents by 100 μM DTPA suggest that
Cav1.2 and Cav1.3 channel activity is slightly down-regulated by residu-
al zinc.
We normalized representative Cav1.2 and Cav1.3 Ca2+ currents be-
fore and after serial zinc treatments to assess zinc effects on current ki-
netics (Fig. 5A, B). The superposed currents indicated that zinc slowed
the activation and inactivation kinetics of Cav1.2 and Cav1.3 currents.
Activation kinetics (analyzed by time to peak: 0–100% rise time)
and inactivation kinetics (analyzed by r200: the fractions of peak
current amplitude after 200 ms depolarization) before and after
serial zinc treatments were analyzed and plotted against zinc
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Fig. 3.Voltage–current (I–V) relationships of Cav1.2 and Cav1.3 in 2mMCa2+ and Zn2+ solutions. A & E, representative Ca2+ and Zn2+ currents of Cav1.2 (A) and Cav1.3 (E). Currentswere
evoked in 2 mM Ca2+ and Zn2+ solutions by serial step pulses from a holding potential of−80 mV. B & F, I–V relationships of Ca2+ and Zn2+ currents through Cav1.2 (B) and Cav1.3
(F) channels were normalized and superposed for comparison. C & G, activation curves of Cav1.2 and Cav1.3 in two different external solutions. Activation curves were based on the
chord conductance method in which conductance (G) data were obtained by dividing current amplitude by the driving force (observed reversal potential− test potential). The conduc-
tance data were normalized to the maximum value(s), and their average data was plotted against test potentials. Smooth curves were obtained from ﬁtting the data to the Boltzmann
equation (G=1 / [1+exp(V50−V) / k]), where V50 is thehalf-activation voltage, and k is a slope factor. D&H, suppression of calcium-dependent inactivation of Cav1.2 andCav1.3 calcium
currents by a 2 mM Zn2+ solution replaced. The r150 values of Cav1.2 (D) and Cav1.3 (H), which are the fractions of peak Ca2+ (○) or Zn2+ (●) currents remaining after 150 ms, were
plotted against test potentials. The U-shaped patterns of Cav1.2 and Cav1.3 Ca2+ currents were almost eliminated in the 2 mM zinc solution replaced.
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the activation and inactivation kinetics of Cav1.2 and Cav1.3 currents
in a concentration-dependent manner.
3.5. Augmentation proﬁles of Cav1.2 and Cav1.3 zinc currents by external
acidiﬁcation
Cumulative studies have reported that external acidic
condition(s) generally diminish the peak amplitude of Ca2+ and Ba2+
currents through L-type channel isoforms [22–24]. Opposite to the
proton-blocking effects, zinc currents through L-type channels in corti-
cal neurons and cardiacmyocyteswere reported to be increased bymild
acidiﬁcation through replacement of pH7.4 zinc solutionwith pH 6.4 [3,6]. In the present work, we tested how external acidiﬁcation could alter
zinc currents measured from oocytes expressing Cav1.2 or Cav1.3 with
auxiliary subunits. Serial switches of pH 7.4 zinc solution to gradually
lower pHzinc solutions increased the peak amplitude of Cav1.2 zinc cur-
rents evoked by step pulses to +10 mV, reaching the maximal ampli-
tude at pH 6.8, which is ~62% greater than the current amplitude at
pH 7.4 (Fig. 6C). Subsequent acidiﬁcations from pH 6.8 to pH 6.6 and
6.4 gradually decreased the peak current amplitude, but the average
amplitude of currents at pH 6.4 was still 23% greater than currents at
pH 7.4 (Fig. 6A, C). However, further acidiﬁcation to pH 5.5 strongly
blocked Cav1.2 currents, resulting in a barely remaining current. Similar
to the pHmodulation proﬁle of Cav1.2 currents, serial switches of pH 7.4
zinc solution to lower pH zinc solutions enhanced the peak amplitude of
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Fig. 4. Different blocking effects of zinc on Cav1.2 and Cav1.3 channels. A & B, representative calcium current traces of Cav1.2 (A) and Cav1.3 (B) before and after application of serial zinc
solutionswere overlapped. Cav1.2 or Cav1.3 currentswere elicited by a step potential of 0mV (or+10mV) from a holding potential of−80mVevery 15 s. Cumulative application of serial
zinc solutions reduced the peak amplitude of Cav1.2 or Cav1.3 Ca2+ currents in a concentration-dependentmanner. C, concentration response curves of zinc blocking of Cav1.2 and Cav1.3.
Currents were normalized to the peak current recorded prior to application of zinc solutions, and the normalized percentages were plotted against zinc concentrations. The smooth curves
were obtained from ﬁtting the average data with the Hill equation (B = (1 + IC50 / (Zn2+)n)−1, where B is the normalized block, IC50 is the concentration of Zn2+ giving half maximal
inhibition, and n is the Hill coefﬁcient). D, comparison of IC50 values. IC50 values are represented in bar graphs. All data are presented as mean ± SEM (n = 4–6).
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lation proﬁle of Cav1.2 zinc currents showing maximal stimulation
at pH 6.8, Cav1.3 zinc currents were maximally stimulated at pH 6.4,
and the current amplitude was 120% greater than that at pH 7.4
(Fig. 6B, C). Subsequent pH change to pH 5.5 blocked Cav1.3 zinc cur-
rents almost completely. These results suggest that Cav1.2 and Cav1.3
zinc currents are modulated by external acidiﬁcations in distinctive
ways in terms of differences in maximal stimulation fold and pH.4. Discussion
We here assessed whether various recombinant VACC isoforms are
capable of acting as zinc conducting routes. From oocytes where indi-
vidual VACC isoforms were expressed, we could directly measure zinc
permeation as inward currents through Cav1.2 and Cav1.3 isoforms,
but found no zinc permeation of Cav2.2, Cav2.3, Cav3.1, and Cav3.2. The
pharmacological proﬁles, that zinc currents through the two L-type
channel isoformswere sensitively blocked by nimodipine, but increased
by (±)Bay K8644with elongated tail currents, support the ﬁndings that
zinc can permeate L-type Cav1.2 and Cav1.3 channels.
Most of our ﬁndings are consistent with zinc permeation properties
of L-type Ca2+ channels in cardiac myocytes as well as in cortical neu-
rons [5,6]. However, contrary to a previous suggestion that N-type chan-
nels might act as zinc entry conduits [5], we did not observe any
experimental data supporting zinc permeation through Cav2.2. Never-
theless, we could not rule out the possibility that zinc might permeate
some N-type channel complexes composed of certain Cav2.2 splice
variant(s) with other types of auxiliary subunits. Alternatively, it is pos-
sible that zinc permeation through Cav2.2 channelsmay exist, but not be
detectable as inward currents.The zinc permeation through rabbit Cav1.2 and hamster Cav1.3 iso-
forms (Fig. 1) raised a question that the zinc permeation is conserved
in other Cav1.2 and Cav1.3 isoforms from different species. To answer
the question, we examined whether zinc currents can be detected
from oocytes where human Cav1.2 or rat Cav1.3 was coexpressed with
auxiliary subunits, α2δ1 and β3. Replacement of a 2 mM Ca2+ solution
with a 2 mM Zn2+ solution strongly decreased currents, but small in-
ward currents clearly remained (Supplementary Fig. 2). The permeation
percentages of zinc over calcium (100 ∗ IZn / ICa) for human Cav1.2 and
rat Cav1.3 are 6.4 ± 0.9% and 13.9 ± 1.2%, with the zinc permeability
for rat Cav1.3 being signiﬁcantly greater than that for human Cav1.2.
These ﬁndings support that the zinc permeation properties are likely
to be conserved among Cav1.2 and Cav1.3 isoforms of diverse species.
In addition to Cav1.2 and Cav1.3 isoforms, there are two other mem-
bers of the L-type channel subfamily, Cav1.1 and Cav1.4. Although we
could not evaluate them in this study, we suggest that zincmay perme-
ate Cav1.1 and Cav1.4 isoforms, which share high structural similarity
with L-type Cav1.2 and Cav1.3 isoforms shown to be permeable to
zinc. The suggestion that zinc can permeate Cav1.1 channels expressing
in skeletal muscle is supported by a previous report showing that zinc
permeation through calcium channels of an insectmuscle was recorded
as inward currents [25].
The pore ﬁlter of VACCs commonly composed of four negatively
charged residues (EEEE for HVA Ca2+ channels; EEDD for LVA Ca2+
channels) is known to pivotally control permeability of divalent cations
such as Ca2+ and Ba2+. The zinc permeation difference between VACC
isoforms implies that the zinc-permeant L-type isoforms should have
distinctive residue(s) in their ion-conducting routes, different from
the zinc impermeant VACC isoforms. Previous studies have found that
some residues adjacent to the pore ﬁlter can control permeability of di-
valent ions. For example, Phe or Tyr in the pore loop of domain III was
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Fig. 5. De-acceleration effects of zinc on the kinetics of Cav1.2 and Cav1.3 currents. Current traces were elicited by step pulses to 0 mV for Cav1.3 (or 10mV for Cav1.2) from a holding po-
tential of−80mV in a 2 mM Ca2+ solution. A & B, normalized Cav1.2 and Cav1.3 Ca2+ current traces before and after treatment with zinc. Current traces blocked by serial zinc solutions
were normalized to the Ca2+ currents of Cav1.2 (A) and Cav1.3 (B) before zinc treatments. Superposed currents showed that the activation and inactivation kinetics of Cav1.2 and Cav1.3
currents were slowed by zinc in a concentration-dependent manner. C & D, slowing of the activation kinetics of Cav1.2 and Cav1.3 Ca2+ currents by zinc. The activation kinetics of Cav1.2
(C) and Cav1.3 (D) currents were measured by 0–100% rise time and plotted against concentrations of zinc. E & F, de-acceleration of the inactivation kinetics of Cav1.2 and Cav1.3 currents
by zinc. The inactivation kinetics of Cav1.2 and Cav1.3 currents weremeasured by r200 values (deﬁned as the fractions of peak currents remaining after 200ms). The r200 values of Cav1.2
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2098 S.-J. Park et al. / Biochimica et Biophysica Acta 1848 (2015) 2092–2100found tomodulate Ba2+ conductance of the Cav1.2 channel [26]. The EF
hand-like portion ahead of the domain III pore loop was also found to
inﬂuence Ca2+ permeability and zinc-blocking sensitivity [27,28]. In a
bacterial Na+ channel, moreover, replacement of the amino acids adja-
cent to the Glu (E) in the pore loop with negatively charged
Asp (D) transited the sodiumselective channel to a Ca2+ selective chan-
nel, which was later used as a Ca2+ channel model. Combined ap-
proaches of X-ray crystallography and electrophysiology identiﬁed
three Ca2+ binding sites in the pore loop of the model Ca2+ channel
[29,30]. In relation to the three Ca2+ binding sites, however, there are
no signiﬁcantly different amino acids in zinc-permeable L-type isoforms
versus the other zinc-impermeable isoforms. These previous ﬁndings
support the idea that, in addition to the pore ﬁlter of EEEE or EEDD
and Ca2+ binding sites, some residues around the pore ﬁlter can inﬂu-
ence permeation of divalent ions. To localize structural portions and res-
idue(s), we attempted to construct chimeric channels (CCEE, EECC)
between zinc-permeant Cav1.2 (CCCC) and zinc-impermeant Cav2.3
(EEEE). Zinc currents could be measured from oocytes expressing CCEE.
However, we could not determine zinc permeation through EECC of
which functional expression was not detected in Ca2+ and Zn2+ solu-
tions. These results suggest that distinctive residue(s) conferring zinc
permeation to Cav1.2 may exist at the pore loop or its adjacent regions
of domains I and/or II.Similar to previous reports [5,6], we observed that a mild pH change
(from 7.4 to 6.4) of external zinc solution caused augmentation of the
peak amplitude of zinc currents through Cav1.2 and Cav1.3. Notably,
the increased percentages were signiﬁcantly different between the
two L-type channels. The pH change (7.4 to 6.4) increased the peak am-
plitude of Cav1.2 zinc currents by ~23%, while it increased that of Cav1.3
zinc currents by ~120% (Fig. 6), indicating that the increment percent-
age of Cav1.3 zinc currents is greater than that of Cav1.2 zinc currents.
The increment level for Cav1.2 by acidiﬁcation is consistent with the re-
port by Alvarez-Collazo and his colleagues, which showed that zinc cur-
rents recorded from cardiacmyocytes predominantly expressing Cav1.2
channels were augmented roughly 30% by the same pH change [6]. In
contrast, the Choi group reported that zinc currents recorded frommu-
rine cortical neurons were 92% increased by similar acidiﬁcation [5],
showing that the increment percentage is much greater than that for
zinc currents through L-type channels in cardiacmyocytes. Comparison
of our experimental results with the previous reports suggests that the
stimulation percentages are likely to have resulted from relative
expression of the two L-type channel isoforms. Our tentative interpreta-
tion of the greater stimulation extent in cortical neurons than
in cardiac myocytes is that the two L-type channel isoforms are
coexpressed in cortical neurons, with Cav1.3 being more greatly
expressed than Cav1.2.
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broadly induced bymetabolic acidosis, ischemic conditions, myocardial
infarction, stroke, seizure, and diabetes. Based on the augmentation ef-
fects on zinc currents through Cav1.2 and Cav1.3 isoformsby amild acid-
ic range (pH 6.8 to 5.8), it is expected that extracellular acidosis can
induce to distinctively increase zinc entry through the L-type channel
isoforms. The ﬁndings that the increment percentages of Cav1.3 zinc
currents by a certain range of mild acidiﬁcations (pH 6.8 to 5.8) were
greater than those of Cav1.2 zinc currents (Fig. 6C) suggest a possibility
that Cav1.3 channels contribute to zinc overloading more than Cav1.2
channels. However, it remains to be explored the reason why the up-
regulation proﬁles of zinc currents through Cav1.2 and Cav1.3 isoforms
are different. We speculate that the different up-regulation proﬁles
may be attributed to structural differences between the two L-type
channel isoforms. Because the EEEE (or EEDD) residues forming the
main selectivity ﬁlters are well conserved between all VACCs, we pro-
pose that amino acid residue(s) neighboring to the pore ﬁlters and/or
residues in extracellular loops pertaining to voltage sensor regions
might be candidates to determine the different zinc potentiation
proﬁles. One of the ideas to uncover the question is to perform sys-
tematic constructions of chimeras between the two L-type channels
remains, leading to narrow down relevant regions, consequently
identifying residues responsible for the different up-regulation
proﬁles.
According to previous reports, expression of Cav1.2 and Cav1.3 Ca2+
channel isoforms overlaps in a number of tissues including diverseneurons, pancreatic beta cells, sino-atrial myocytes, and adrenal
chromafﬁn cells. However, there are no proper criteria for dissecting
relative expression of Cav1.2 and Cav1.3 Ca2+ channel isoforms in
those cells. Together with the different sensitivity to zinc blocking
of Cav1.2 and Cav1.3 Ca2+ currents, we propose that the different
increment proﬁles of zinc currents by pH changes can be used to
evaluate the relative contribution of L-type Cav1.2 and Cav1.3 Ca2+
channels (Fig. 6).
Extracellular acidiﬁcations that can be caused by various pathophys-
iological conditions including metabolic acidosis, ischemic conditions,
myocardial infarction, atherosclerosis, stroke, and diabetes, can potenti-
ate zinc entry through L-type channels isoforms, possibly aggravating
those diverse conditions via increased zinc overloading. Our ﬁndings
support the possible pathophysiological relevance of zinc overloading
through L-type channel isoforms. We suggest that Cav1.2 and Cav1.3,
known to be coexpressed in numerous neuronal and peripheral cells,
act as zinc entry routes, with their differential contribution to zinc
entry depending on relative expression of the two isoforms as well as
levels of external acidiﬁcation.
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